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ABSTRACT 


An  important  practical  application  of  tv-“j  action 

of  turbulent  air  jets  with  an  impinging  reacting  stream,  is 
described  in  this  report.  A system  of  cross-jets  located 
upstream  of  the  sudden  expansion  step  of  a dump  burner  is 
able  to  amplify  the  recirculation  zone  thereby  increasing 
the  flame  spreading  as  well  as  the  characteristic  residence 
time.  Furthermore,  the  cross-jets  with  mass  flow  rates  in 
the  range  of  1%  to  4%  are  able  to  smooth  out  rough  burning 
in  a small  volume -limited  burner  without  any  additional 
drag  penalty. 

The  lean  blow  off  performance,  rough  burning,  flow 
field  characteristics  and  preliminary  scaling  parameters 
for  a dump  burner  with  a system  of  cross- jots  are  given. 
Preliminary  study  of  a cross- jet  system  performing  the  dual 
role  of  a vortex  amplifier  and  swirl  generator  shows  a 
great  promise.  Becuase  of  encouraging  re  lults,  recommen- 
dations are  made  to  expand  the  activity  to  include  swirl- 
jets  in  large  combustors. 
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1.  INTRODUCTION 


Recently  a great  deal  of  emphasis  has  been  placed  on 
developing  compact,  smooth  burning,  advanced  air  breathing 
combustors  with  low  pressure  loss,  high  degree  of  relia- 
bility and  improved  combustion  efficiency.  A sudden  expan- 
sion burner  or  the  so  called  dump  combustor  concept  has 
been  proposed  as  a possible  candidate  for  such  an  advanced 
propulsive  system.  The  well  proven  bluff  body  flame  holders 
are  not  quite  suitable  because  of  the  large  pressure  drop 
associated  with  the  typical  blockage  area  required  for  an 
efficient  operation.  Even  though  all  flame  holders  and 
combustors  utilize  flow  separation  and  fluid  recirculation, 
Reference  1 appears  to  be  one  of  the  first  attempts  to 
classify  a sudden  expansion  burner  as  a "recessed  wall" 
flame  holder.  Experiments  show  that  these  ilame  holders 
have  low  pressure  drop*  and  wide  flame  blow  off  limits. 
However,  the  flame  spreading  is  very  inadequate  and  the 
combustor  requires  an  excessive  length  before  the  flame 
can  spread  throughout  the  entire  flow  field.  Thus,  in 
spite  of  certain  advantages,  such  a flame  holder  can  not 


* 1"  of  water  at  250fps  vs  13"  of  water  for  a bluff  body 

flame  holder  with  37%  area  blockage  (Ref,  1). 


obviously  meet  the  requirements  of  the  advanced  burner 
concept.  Another  concept,  an  opposed  jet  flame  holder 
(References  2 and  3),  appeared  to  have  a good  flame  spreading, 
low  pressure  drop  and  also  a fairly  wide  flame  blow  off 
limits.  Unfortunately,  the  blow  off  limits  were  found  to 
be  extremely  sensitive  to  the  angular  orientation  of  the 
jet.  For  example,  a misalignment  of  only  about  10*^  between 
the  primary  flow  and  the  jet  caused  a 40%  degradation  in 
the  maximum  blow  off  velocity  (Reference  4.)  Therefore, 
in  spite  of  all  the  advantages,  an  opposed  jet  flame 
holder  can  be  eliminated  from  any  serious  consideration. 

Since  both  of  these  devices  have  excellent  flame 
holding  characteristics  and  inherently  low  pressure  drop, 
a combination  of  these  two  might  prove  to  be  the  desired 
flame  holder.  Such  a modified  dump  combustor  will  posess 
all  the  advantages  of  both  and  none  of  tho  disadvantages. 

This  report  describes  a study  of  a modified  dump 
combustor  where  a cross- jet  of  air  in  the  inunediate  vicinity 
of  the  step  is  allowed  to  interact  with  the  primary  flow  of 
combustible  mixture.  The  interaction  between  the  vortices 
induced  by  the  turbulent  cross-jets  and  the  sudden  expansion 
step  causes  a substantial  increase  in  flame  spreading  without 
sacrificing  the  overall  flame  blow  off  performance  (Reference 
5.)  Moreover,  the  vortices  induced  by  the  gas  jets  act  as 
a fluid  amplifier  and  significantly  increase  the  size  of 


the  recirculation  zone.  The  use  of  these  gas  jets  helps 
create  a unique,  small  volume  combustor  whose  flame 
spreading  and  the  recirculation  volume  can  be  modulated 
by  controlling  the  momentum  flux  of  the  jets,*  (Reference 
6 and  7.) 


* Typically  the  total  jet  mass  flow  rate  is  of  the  order 


of  4%  of  the  primary  flow  rate. 


II.  CROSS-JET  SYSTEMS:  SLOT  JET  VS  DISCRETE  HOLES 


2.1.  Experimental  Apparatus 

Most  of  the  experiments  were  performed  in  e " x 1" 
quasi  two  dimensional  channel  burner  with  two  3"  x 6"  vycor 
glass  windows  (^"  thick) . Figure  1 is  a photograph  of  the 
test  chamber  located  in  the  Combustion  Laboratory  of  the 
Mechanical  Engineering  Department  of  the  University  of 
Southern  California.  The  air  for  combustion  is  supplied 
by  a Paxton  Centrifugal  Blower  with  a capacity  of  30  Ib/min 
of  air  at  slightly  over  the  atmospheric  pressure.  The 
stagnation  temperature  is  of  the  order  of  130°F.  By  means 
of  a different  blower  pulley  it  is  possible  to  nearly  double 
the  flow  rate.  Commercial  grade  propane  is  bled  into  the 
system  through  a small  tube  with  many  holes  located  about 
4.5  ft  ahead  of  the  test  chamber  to  insure  complete  mixing. 
The  combustible  mixture  is  ignited  by  means  of  a 10,000 
volt  spark  device  located  upstream  of  the  sudden  expansion 
step  (Pig,  1)  . A rectangul.ar  plenum  chamber  serves  both 
as  a sudden  expansion  step  and  air  supply  point  for  the 
cross-jet  system  located  upstream  of  the  sudden  expansion 
section.  The  planum  chamber  can  be  raised  or  lowered  to 
provide  different  step  heights  for  the  sudden  expansion 
burner.  The  cross- jet  system,  on  the  upper  surface  of  the 


II 


FIGURE  1 Photograph  of  the  Combustion  Chamber 


I 


rectangular  block,  consists  of  either  a narrow  slot  or  a 
set  of  discrete  holes.  Different  blocks  are  used  to  vary 
the  jet  size  and  its  location  relative  to  the  dump  plana. 
Figure  2a  shows  the  sketch  of  a typical  slot-jet  and  Figure 
2b  shows  a cross- jet  system  with  discrete  holes. 

The  burner  design  permits  inclusion  of  steps  and  jets 
both  on  the  upper  and  lower  walls  of  the  chamber.  It  is 
also  possible  to  operate  only  one  set  of  cross-jets  in  a 
chamber  with  two  sudden  expansion  steps.  In  addition  to 
these,  provisions  are  made  to  operate  the  burner  without 
any  step  at  all  i.e.,  by  means  of  only  cross- jets  on  a 
flat  plate.  Figure  3 show  the  sketch  of  a typical  channel 
burner  with  a movable  30°  ramp  simulating  a nozzD.e.  Both 
the  location  and  the  thickness  of  the  ramp  can  be  changed 
as  the  need  arises.  Thus,  the  nozzle  location  and  nozzle 
to  chamber  area  ratio  can  be  varied  and  their  effect  on 
the  burner  performance  can  be  studied.  Microphones  and 
pressure  transducers  can  be  attached  on  the  upper  wall 
directly  above  the  recirculation  zone  to  measure  the 
pressure  fluctuation  in  a combustor  of  small  volume  where 
the  nozzle  is  closer  to  the  dump  plane.  Pressure  fluctua- 
tions over  a preselected  frequency  band  are  measured  by 
means  of  a tunable  band  pass  filter,  brush  recorder  and  a 
sound  level  meter. 


01"  X 1"  SLOT- JET 


a)  slot-jet  system 


TYPICALLY 
8 EQUALLY  SPACED 
,042"  HOLES 


b)  discrete  holes 


FIGURE  2 Typical  Jet  Systems 


M0VA3L3  RAMP  OP 

VARIA3LB 

THICKNESS 


FIGURE  3 Sketch  of  a Channel  Burner  with  a Movable  Ramp 
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Mass  flow  rates  of  the  primary  air,  gaseous  propane 
and  the  jet  air  are  measured  by  means  of  calibrated  venturi 
meters.  The  upstream  stagnation  pressures  of  the  jet  air 
and  propane  are  controlled  by  means  of  pressure  regulators. 
Because  of  impurities  in  the  commercial  grade  propane  and 
laboratory  air  supply,  heavy  duty  filters  are  Incorporated 
in  the  supply  lines. 

For  the  channel  burners  a large  portion  of  the  combus- 
tible mixture  leaves  the  system  in  an  unburned  state.  To 
prevent  further  combustion  downstream,  water  is  sprayed 
at  many  locations  inside  the  12”  diameter  steel  exhaust 
pipe.  However,  in  spite  of  the  water  spray,  the  exhaust 
system  was  found  to  be  inadequate  for  performaing  rich 
flame  blow  off.  The  unburned  combustible  mixture  tended 
to  ignite  inside  the  pipe  and  flash  back  upstream  possibly 
through  the  boundary  layer.  Similar  difficulty  was  encoun- 
tered at  higher  speeds  even  for  lean  blow  off  in  the  case 
of  a 8"  X 1"  channel  burner.  Thus,  the  present  12”  diameter 
exhaust  duct  is  not  very  suitable  for  channel  burners  of 
that  size. 
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height  for  the  3"  x 1"  burner  beyond  which  the  blow  off 
limits  Are  insensitive  to  the  step  height.  Since  flame 
stabilization  process  is  dependent  upon  the  recirculation 
zone  downstream  of  the  step,  cold  flow  experiments  and 
water  table  experiments  were  simultaneously  performed  to 
study  the  recirculation  length.  Cold  flow  experiments 
consistently  showed  that  for  a two  dimensional  channel 
flow,  the  reattaohment  zone  of  the  separated  flow  is 
between  6 and  7 step  heights  downstream.  Similar  behavior 
of  the  recirculation  zone  during  burning  was  also  observed 
by  means  of  a probe  coated  with  MaCl  solution.  The 
distance  to  the  reattaohment  point  is  a critical  parameter 
for  studying  rough  burning  caused  by  the  nozzle  located 
too  close  to  the  step  inside  the  recirculation  zone. 

Figure  4 shows  the  flame  blow  off  limits  of  several 
step  configurations,  x x 0;  h"  x and  3/4" 

X 0.  For  all  cases,  the  ramps  were  located  downstream  of 
the  reattaohment  point.  The  L/h  ratio  (L  =•  distance  to 
the  ramp,  h » stop  height)  for  these  steps  were  between  6 
and  9.  These  values  were  large  enough  so  that  no  geometric 
constraint  was  imposed  upon  the  recirculation  zone.  Also 
the  recircualtion  volume  was  large  enough  to  sustain  stable 
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it 


The  first  dimension  is.  the  step  height  and  the  second 
dimension  is  the  height  of  the  ramp  (Fig.  3)  . 
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EQUIVALENCE  RATIO 

FIGURE  4 Flame  Blow  off  Limits  for  Various  Step  Configurations 
First  Dimension  is  the  Step  Height  and  the  Second 
Dimension  is  the  Ramp  Thickness 


burning.  The  results  of  Pig.  4 indicate  that  for  the 
present  3"  x 1'*  combustion  chamber  the  lean  blow  off 
limits  are  roughly  independent  of  the  step  size  between 
1/4"  and  3/4".  A step  size  smaller  than  1/4V  causes  the 
lean  blow  off  performance  to  be  considerably  degraded. 

Only  one  set  of  rich  blow  off  experiment  (in  Figure  4). 
was  attempted.  Because  of  the  design  of  the  exhaust  du6t 
It  was  necessary  not  to  try  to  establish  rich  blow  off 
limits. 

During  the  second  phase  of  the  program^  a slot  jet 
of  air  (Pig.  2a)  in  the  vicinity  of  the  step  was  utilized 
to  study  the  degree  of  flame  spreading  and  the  blow  off 
performance  of  the  burner.  The  addition  of  such  a jet 
system,  considerably  increases  the  number  of  possible 
variables  which  can  affect  the  behavior  of  the  syacem. 

For  example,  the  composition  of  the  gas  jet,  its  tempera- 
ture, pressure,  velocity,  mass  flow  rate,  position  with 
respect  to  step,  slot  width  and  the  jet  angle  can  have  a 
progound  influence  upon  the  system  performance.  In  order 
to  reduce  the  number  of  variables,  a choked  air  jet  at 
room  temperature  aimed  normal  to  the  primary  flow  direction 
was  selected.  Thus,  the  slot  width,  jet  pressure,  mass 
flow  rate,  jet  location,  step  height  and  the  position  of 
the  nozzle  were  varied.  Flow  visualization  by  means  of 
soap  bubbles  and  fluid  injection  under  cold  flow  conditions 
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were  carried  out  simultaneously  to  help  select  the  optimum 
configuration.  These  cold  flow  experiments  gave  a qualita- 
tive picture  of  the  interaction  of  the  vortices  induced  by 
the  jet  and  the  step. 

Figure  5a  shows  the  flame  spreading  of  a typical 
sudden  expansion  configuration  of  x ’i”.  Dramatic 
increase  in  flame  spreading  due  to  a choked  .01"  x 1"  slot'" 
jet  of  air  is  shown  in  Figure  5b.  Typically,  the  jet  mass 
flow  rate  is  between  1%  to  4%  of  the  primary  stream  for  the 
optimum  operation  of  the  present  3"  x 1"  dump  burner.  For 
other  chambers  of  different  cross  sectional  area,  it  is 
believed  that  the  mass  flux***  ratio  will  be  a more  appro- 
priate parameter.  The  optimum  mass  flux  ratio  for  the 
present  jet  system  is  between  3 and  11.  Even  though  mass 
flow  rate  will  be  frequently  referred  to  in  this  report, 
the  mass  flux  ratio  and  the  momentum  flux  ratio  are  more 
pertinent. 

Figure  6 show  the  effect  of  the  location  of  the  jet 
Xj  (from  the  dump  plane)  on  the  flame  plume  in  a 3"  x 1" 
combustor.  These  are  obtained  from  a photographic  study 


Preliminary  teats  indicated  that  a slot  width  of 
had  a better  overall  performance. 

Mass  flux  » mass/(arQa  - time) . Mass  flux  ratio 
(mass  flux  of  jet) /(mass  flux  of  primary  stream). 
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of  the  .01"  X 1"  slot  jet  system.  Data  for  three  different 
jet  momentum  rates  Indicate  that  the  shape  of  the  flame  is 
independent  of  the  location  of  the  jet  and  depends  upon 
the  momentum  or  mass  flux  ratio.  The  flame  plvmes  with 
the  jet  on  a flat  plate  without  any  step  (x^  ■■  »)  are 
practically  the  same  for  any  combination  of  » 0.1"  , 

0.5"  and  0.9"j  and  the  step  height  h**  and  3/4". 

Figure  7 is  a cross  plot  of  the  plume  data  showing  the 
flame  penetration  3"  downstream  of  the  step  as  a function 
of  the  momentum  flux  ratio.  Flame  penetration  3"  down- 
stream of  the  step  reaches  nearly  the  maximum  value  (Fig. 
5b).  At  a given  momentum  flux  ratio,  the  flame  penetration 
is  independent  of  the  step  height  and  the  location  of  the 
jet  upstream  of  the  step,  Pleminury  investigation  had 
shown  that  the  jet  system  is  effective  only  when  located 
upstream  of  the  step.  Hence  all  Xj  values  refer  to  the 
distance  upstroam  of  the  step.  Flame  penetration  for  a 
cross- jet  system  with  8 equally  spaced  0.042"  discrete 
holes  are  also  shown  in  Fig,  7.  In  addition  to  the  flame 
data,  jet  penetration  results  with  bubbly  soap  solution 
streaking  past  the  chamber  wall  are  shown  in  Fig.  7 
Both  slot- jet  and  cross- jet  systems  have  nearly  identical 
flame  plumes  when  the  momentum  flux  ratio  between  the  two 
systems  are  the  same.  Because  of  higher  inertia,  the  jet 
penetration  in  cold  flow  is  larger. 
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The  flame  blow  off  performance  of  a typical  slot-jet 
system  with  different  jet  location  and  step  height  is  given 
in  Figure  8.  Similar  to  the  flame  penetration,  the  lean 
blow  off  limit,  in  spite  of  data  scatter,  seems  to  be 
independent  of  the  location  of  the  slot- jet  as  well  as  the 

step  height.  For  experimental  convenience  a constant 

■ • 

value  of  ma/m.  was  maintained  rather  than  a constant  value 
3 a 

• • 

of  the  momentum  flux  ratio.  For  a constant  m./m„  (also 

j s 

the  mass  flux  ratio)  the  location  of  the  jet  and  step  size 
are  inconsequential.  However  if  only  a constant  jot  mass 
flow  rate  ih^  is  maintained,  the  blow  off  limit  is  affected 
' by  the  jet  location.  The  fact  that  under  controlled 

conditions  the  flame  spreading  and  the  lean  blow  off  limits 
appear  to  be  independent  of  the  step  height  and  geometry  is 
rather  significant  in  understanding  the  role  of  the  air 
jet  in  a dump  burner.  Observations  show  that  the  inter- 
action of  only  the  air  jet  with  the  primary  combustible 
mixture  is  the  dominating  mechanism.  The  geometric  details 
of  uhe  downstream  are  of  little  consequence  in  pridicting 
both  the  blow  off  limits  and  flame  spreading.  Such  a strong 
influence  of  the  jet  on  the  flow  stream  has  been  observed 
also  in  cold  f3.ow  experiments.  Priliminary  flow  visuali- 
zaiiion  studies  with  soap  bubble  indicated  that  the  jet,  in 
effect,  increac»es  the  a.ize  of  the  recirculation  zone  down- 
stream of  the  step.  More  detailed  experiments  on  the 
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phenonomenon  of  amplification  of  the  recirculation  zone 
by  means  of  oross^jets  are  dlsoussed  later  in  Chapter  IV. 

The  role  of  the  jet  system  as  a fluid  amplifier  is  further 
substantiated  by  utilizing  the  jet  to  smooth  out  rough 
burning  in  a simulated  volume-limited  combustor. 

The  lean  flame  blow  off  limits  with  a slot-jet  show 
higher  overall  egulvalenoe  ratios  compared  to  a dump  burner 
without  any  jet.  This  is  primarily  due  to  the  local  dilu- 
tion caused  by  the  air  jet.  The  combustible  mixture  must 
penetrate  the  jet  plume  and  travel  through  the  boundary 
layer  at  the  wall  to  reach  the  dump  plane.  The  blow  off 
performance  of  Pig.  8 does  not  show  the  sensitivity  of  a 
given  configuration  to  sudden  small  changes  of  operating 
conditions.  The  flat  plate  with  a slot-jet|  for  example, 
is  rather  sensitive  to  changes  in  the  upstream  velocity 
or  the  mixture  ratio  even  through  its  lean  blow  off  limits 
are  very  similar  to  the  other  configurations,  A a lot- jet 
located  at  Xj  0.5”  appears  to  provide  the  best  perform- 
ance in  the  3”  x 1”  chamber  with  a single  step.  Also 
mj/m  values  between  1%  to  4%  seem  to  be  the  optimum  jet 
mass  flow  rate.  The  burning  becomes  rough,  in  many  cases, 
when  this  value  exceeds  5%. 

Prom  the  view  point  of  mechanical  design  and  added 
fuel  requirement,  the  slot- jet  system  is  not  very  realistic, 
A cross- jet  system  with  8 equally  spaced  0,042”  diameter 


holes  over  the  1"  width  of  the  step  was  investigated  next 
as  an  alternative  to  the  slot- jet  system.  As  was  indicated 
earlier  (Pig.  7)  the  flame  penetration  with  a cross-jet 
system  is  similar  to  that  of  a slot-jet  system.  Even 
though  the  maximum  flame  height  seems  to  scale  with  the 
momentum  flux  ratio,  excessive  amount  of  jet  air  Induces 
rough  burning  possibly  because  of  local  lean  blow  offs. 
Therefore,  there  is  a practical  limit  to  the  degree  of 
flame  spreading  one  can  obtain  in  an  air  jet  system.  The 
system  behavior  is  expected  to  change  considerably  if 
heated  air,  oxygen  or  combustible  mixture  is  introduced 
with  the  jet.  Drastic  changes  have  been  reported  in 
Reference  8 when  different  gases  were  injected  in  the 
recirculation  zone  behind  a bluff  body  flame  holder.  No 
attempt  was  made,  however,  to  study  different  gas  jets 
other  than  air  at  room  temperature. 

Lean  blow  off  performance  with  a jet  system  consisting 
of  discrete  holes  is  compared  with  the  other  systems  in' 
Figure  9.  The  equivalence  ratios  at  the  lean  blow  off  are 
considerably  smaller  than  those  of  the  slot-jet  system. 

They  are,  however,  slightly  larger  than  those  of  a dump 
burner  without  any  jet.  In  addition  to  the  local  dilution 
of  the  combustible  mixture,  the  heat  transfer  from  the 
primary  stream  at  130®P  to  the  cold  jet  air  at  70°P  is 
responsible  for  the  difference  in  equivalence  ratio  at 
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blow  off.  The  difference  is  expected  to  decrease  if  the 
jet  air  is  heated  to  130®P. 

Since  the  jet  system  is  choked,  for  a given  valve 
setting  the  mass  flow  rate  can  be  changed  by  changing  the 
supply  pressure.  Upstream  stagnation  pressure  was  arbi- 
trarily varied  from  15  psig  all  the  way  to  60  psig.  As 
long  as  the  mass  flux  ratio  corresponding  to  ft./A  of 

j * 

around  4%  was  maintained  no  perceptible  difference  in  the 
blow  off  performance  was  observed. 

2.3.  Fuel  Strati fioation 

One  of  the  primary  reasons  for  fuel  stratification 
in  an  engine  is  an  incomplete  evaporation  and  mixing  of 
fuel  spray  due  to  an  inadequate  residence  time.  Such  a 
situation  arises  in  combustion  chambers  of  small  charac- 
teristic length.  Because  of  the  locally  fuel-rich  state, 
the  blow  off  limits  might  show  anomalous  behavior  similar 
to  those  reported  in  References  5,  9 and  10.  In  addition 
to  the  anomalous  blow  off,  fuel  stratification  is  observed 
to  induce  rough  burning  (Ref.  5) . In  order  to  show  that 
anomalous  blow  off  is  possible  under  a stratified  condi- 
tion, gaseous  propane  was  injected  near  the  wall  to  produce 
a stratified  condition.  The  mixture  was  allowed  to  be  fuel 
rich  near  the  step  and  fuel  lean  in  the  free  stream  in  a 
vertical  direction  away  from  the  step.  The  stratified 
condition  was  verified  by  means  of  a gas  analyzer. 
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Figure  10  compares  the  blow  off  limits  of  both  the 
stratified  and  homogeneous  cases  in  a dump  burner  with  a 
step.  Extremely  small  0 values  and  a backward  trend 
of  the  blow  off  limits  were  also  observed  in  axisymmetrio 
chambers  (Refs.  9 and  10). 

A cross-jet  system  is  ideally  suited  under  a condition 
where  fuel  stratification  might  prevail.  First  of  all,  the 
additional  air  from  the  jet  would  reduce  the  fuel  rich 
state  immediately  ahead  of  the  dump  plane.  Secondly, 
because  of  the  amplified  recirculation  zone,  the  residence 
time  of  the  fuel  droplets  would  increase,  thereby  causing  a 
more  complete  evaporation  and  mixing.  In  an  extreme  case, 
the  cross-jets  prevent  rough  burning  caused  by  an  exces- 
sively rich  mixture  in  the  vicinity  of  the  step.  Such  an 
excessively  rich  mixture  due  to  fuel  stratification  in  a 
spray  system  has  been  reported  (Ref.  10) . Because  of  the 
lack  . of  an  adequate' residence  time  the  authors  had 
suggested  that  fuel  might  be  present  in  liquid  phase  in 
the  recirculation  zone  Immediately  downstream  of  the  step. 

2.4.  Pressure  Loss 

The  loss  of  stagnation  pressure  is  a major  considera- 
tion for  a propulsion  system.  Due  to  its  geometric 
blockage,  a bluff  body  flame  holder  is  characterized  by  a 
relatively  higher  pressure  loss  than  a dump  combustor. 
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Therefore,  dump  combustors  have  an  Inherent  advantage  over 
the  present  operational  systems.  However,  when  cross- jets 
are  added  and  the  flame  spreading  is  dramatically  increased, 
the  drag  penalty  v/ould  also  tend  to  Increase.  The  stagna- 
tion pressure  loss  in  a burner  is  directly  proportional  to 
the  drag.  A decrease  in  drag  would  allow  a higher  vehicle 
speed,  lower  fuel  consumption  and  an  increased  range  with 
a heavier  payload. 

In  this  section,  the  loss  of  stagnation  pressure  in 
different  concepts  are  compared  with  that  of  a bluff  body 
flame  holder,  The  streamlined  shape  of  the  bluff  body  was 
selected  on  the  basis  of  the  shape  of  the  flame  plume. 

Several  trial  runs  had  to  be  made  with  different  bluff  body 
geometry  to  match  the  flame  plumes  shown  earlier  in  Fig.  6. 
Figure  11  compares  the  loss  of  stagnation  pressure  for  the 
jet  system  with  that  of  a streamlined  bluff  body  with  the 
same. flame  spreading.  The  actual  shape  of  the  bluff  body  with 
25%  blockage  is  shown  on  the  top  of  the  figure.  For 
reference,  the  stagnation  pressure  loss  in  a sudden  expan- 
sion burner  (inferior  flame  spreading)  is  also  shown.  The 
cross- jet  system  with,  discrete  holes,  including  the  bleed 
loss  due  to  the  axial  momentum  rate  of  the  jet  mass  flow 
rate,  has  a lower  stagnation  pressure  loss  compared  to  the 
other  systems  with  the  same  flame  spreading.  Since  only 
one  step  and  a single  cross-jet  system  with  8 equally 
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spaced  0.042"  holes  were  used,  the  losses  shown  in  Fig.  11 
will  not  apply  when  two  steps  with  two  jet  systems  are 
used.  Figure  12  presents  the  stagnation  pressure  loss  as 
a fraction  of  the  upstream  stagnation  pressure  relative 
to  the  streamlined  bluff  body.  These  values  are  not 
dependent  upon  the  particular  system  chosen  for  the  experi- 
ment. Figure  12  clearly  shows  the  advantage  of  a cross- 
jet  system.  The  pressure  loss  for  the  dump  burner  is  very 
low.  However,  the  flame  spreading  in  such  a system  in 
marginal. 
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FXGURB  12  Fraotion  of  Bluff  Body  Pressure  Loss 
(P»  **  upstream  staunatlon  pressure) 


Ill  ROUGH  BURNING 


3.1.  Chambar  Praasura  Fluotuations 

Rough  burning  in  a volume  limited  two  dimensional  dump 
burner  can  ooour  either  due  to  the  nozsle  location  or  due 
to  locally  rich  oombustible  mixture  (Ref.  5).  This  Chapter 
is  devoted  to  the  study  of  rough  burning,  the  parameters 
which  are  responsible  for  it  and  possibilities  of  promoting 
smoother  burning.  Most  of  the  experiments  were  conducted 
in  the  3"  X 1"  channel  burner.  Movable  ramps  of  various 
thicknesaas  (Fig.  3)  simulated  the  nozzle  whose  location 
was  easily  adjusted  to  obtain  L/h  values  between  1.0  and  •» 

(L  ■ distance  to  the  ramp  and  h - step  height.)  The  thick- 
ness of  the  romp  can  also  be  changed  to  vary  the  nozzle  to 
chamber  area  ratio  A„/A„  from  1.0  to  about  0.8.  A micro- 
phone  located  on  the  upper  wall  (Pig.  3)  was  used  to  obtain 
pressure  fluctuations  in  the  chamber. 

Pressure  traces  at  two  different  chart  speeds  (25mm/ 
sec  and  125  mm/seo)  were  obtained  for  both  cold  and  reacting 
flows  with  different  values  of  L/h.  Figure  13  shows  typical 
pressure  traces  in  cold  flow  when  the  position  of  the  nozzle 
is  changed  at  a constant  free  stream  velocity  of  290  fps. 
Under  cold  flow  condition,  neither  the  nozzle  location  nor 
the  free  stream  velocity  up  to  400  fps  had  any  effect  upon 
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FIGURE  13  Cold  Plow  Pressure  Traces  at  290  fps  for  Various 
L/h  Ratios  and  Two  Chart  Speeds 


the  chamber  pressure  fluctuafaiona . Even  though  large 
pressure  fluctuations  and  noise  at  discrete  frequencies 
ato  possible  in  cavity  flows  (Reference  11) , the  present 
range  of  velocities  is  too  low  for  such  a situation  to 
occur.  With  burning,  however,  large  fluctuations  in  chamber 
pressure  are  observed  particularly  at  smaller  values  of  L/h 
when  the  nozzle  is  brought  closer  to  the  sudden  expansion 
step.  Pressure  traces  for  different  L/h  ratios  with  roughly 
a stoichiometric  mixture  of  propane  and  air  are  showii  in 
Figure  14. 

Figure  15  shows  the  effect  of  both  the  slot  and  croas- 
jet  systems  on  the  pressure  fluctuations.  An  equivalence 
ratio  of  about  1.4,  close  to  the  rich  blow  off  point,  was 
chosen  to  provide  a maximum  roughness  in  burning.  Fuch  a 
rich  mixture  might  occur  locally  whun  the  fuel  becomes 
stratified  due  to  incomplete  evaporation  in  a burner  with 
a small  characteristic  length.  Thus,  both  geometric 
constraint  and  rich  mixture  are  responsible  for  indviclng 
roughness  shown  in  Fig.  15.  Both  the  slot- jet  and  jet 
system  with  discrete  holes  are  seen  to  be  equally  effective 
in  reducing  the  pressure  fluctuations.  If  the  amplitude  of 
pressure  traces  is  considered  as  ?n  index  of  rough  burning, 
both  jet  systems  are  equally  capable  of  smoothing  out  rough 
burning  in  a compact,  volume -limited  dump  burner.  Rough 
burning  is  evidenced  not  only  by  the  pressure  traces  but 
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FIGURE  14  Pressure  Traces  at  (J)  'v  1,  29  0 f ps , and 
Two  Chart  Speeds 
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FIGURE  15  Smoothing  Effectiveness  of  Jet  Systems 
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also  form  visual  observation  of  the  flame  and  the  noise 
emitted  from  the  burner. 

A study  of  the  pressure  traces  shov;  that  for  a given 
step  height,  the  amplitude  depends  upon  the  values  of  L/h, 
velocity f eguivalenoe  ratio  and  the  noszle  to  chamber  area 
ratio,  Larger  values  of  L/h,  lower  velocity,  equiv- 

alence ratios  away  from  blow  off  and  Aj^/A^.^-  1 help  eliminate 
large  pressure  amplitudes.  Bven  though  moat  of  the  experi- 
ments were  performed  in  the  channel  burner,  preliminary 
observation  indioates  that  these  general  trends  can  also 
be  expected  in  a small  3"  diameter  axisymmetric  burner. 

3.2.  Spectral  Character  of  the  Intensity  of  Pressure 
Fluctuations 

Prom  the  broad  band  (roughly  1 octave)  data  of  the 
intensity  level  of  pressure  fluctuations  the  calculated 
spectral  levels  for  cold  flow  conditions  are  shown  in 
Figure  16.  The  details  of  the  instrumentation  appear  in 
Reference  12.  in  oold  flow  the  spectral  intensity  levels 
are  independent  of  both  the  free  stream  velocity  and 
L/h.  This  is  consistent  with  the  cold  flow  pressure 
traces  which  were  also  independent  of  these  two  parameters. 
Figure  17  is  a comparison  of  the  spectral  intensity  levels 
of  the  cold  and  hot  flows  for  L/h  » 2.2,  0 'v.  1 and  = 

235  fps.  Figure  17  is  typical  of  rough  burning  in  the 
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FIGURE  16  Spectral  Intensity  Level  of  Pressure  Fluctuations 
Cold  Plow.  L/h  « 2.2  to  Uq  ■<  235  to  330  fps 


FIGURE  17  Spectral  Intensity  Levels  for  Cold  and 

Hot  Flows.  iji  -v  1,  L/h  » 2.2,  - 235  fps 
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same  sense  that  the  Increase  In  the  spectral  level  due  to 
roughness  is  only  over  a low  frequency  range  (10  to  300  hz 
approximately.)  In  general,  these  low  frequencies  are 
very  often,  associated  with  the  pressure  fluctuations  in 
the  feed  lines.  However,  in  the  present  system,  changes 
in  the  damping  of  the  feed  line  did  not  eliminate  the 
frequency  characteristics  of  the  intensity  level  of  pressure 
fluctuations.  The  spectral  intensity  levels  of  Figs.  16 
and  17  are  calculated  from  broad  band  data.  Thus,  the 
curves  are  relatively  smooth  and  do  not  show  the  actual 
intensity  of  fluctuations  over  a very  narrow  band  width. 
Rapid,  large  fluctuations  between  20  to  400  hz  and  smaller 
ones  between  400-800  hz  are  observed  on  the  noise  level 
meter.  At  other  frequency  ranges  there  wore  no  perceptible 
fluctuations. 


Since  low  frequencies  correspond  to  large  character- 
istic times,  the  spectral  distribution  of  intensity  level 
suggests  that  the  mechanism  of  roughness  is  controlled  by 
fluid  mechanics  and  heat  transfer.  For  a fast  reacting 
system  of  stoichiometric  mixture  of  propane  and  air  the 
characteristic  reaction  time  is  rather  small.  Therefore, 
If  the  rough  burning  was  kinetics  controlled,  the  increase 


in  spectral  '.ntensity  level  would  occur  at  a much  higher 
frequency  (on  the  order  of  10  hz) , Hence  it  is  evident 
that  the  rough  burning  is  controlled  by  fluid  mechanics 
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and  hgat  transfer  and  not  chcimical  kinetics.  A coupling 
with  oheinioal  kinetics  at  these  low  freguenoles  wpuld 
occur  only  for  a combustible  mixture  with  a small  oharAb-  ■ 
teristio  reaction  time.  This  observation  is  of  great 
eignifioanoe  in  analytioal  modeling  of  compact  d'^unp 
oombustora  of  small  characteristic  length.  If  the  chemical 
kinetics  is  uncoupled  from  the  analysis,  the  resulting 
equations  in  comparison,  are  relatively  less  complicated. 
This  is  particularly  true  for  burners  using  hydrocarbon 
air  mixture  or  other  combustibles  with  fast  reaction  times. 

3.3.  Probable  Causes  of  Rough  Burning 

Visual  observation  of  the  phenomenon  of  rough  burning 
suggests  that  the  instability  of  the  shear  layer  emanating 
from  the  edge  of  the  sudden  expansion  step  causes  pressure 
fluctuations  in  the  chamber.  The  process  of  heat  addition 
to  the  shear  layer  seems  to  induce  certain  Instability  in 
the  form  of  flip-flop  motion  as  portrayed  in  Figure  18. 

In  oold  flow,  within  the  range  of  velooities  investigated, 
no  Bvioh  motion  was  evident.  Only  the  hot  flow  produced 
such  a low  frequency  motion.  The  range  of  frequencies  was 
low  enough  to  intermittantly  observe  the  pulsation  of  the 
burning  shear  layer  which  alternately  strengthens  and 
weakens  the  rooiroulatlon  zone.  It  is  felt  that  the  peri- 
odic perturbation  of  the  recirculation  zone  is  largely 
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responsible  for  the  pressure  fluctuations  shown  in  Figure 
14.  For  the  OBse  of  a combustor  with  a small  value  of  L/h 
the  shear  layer  Impinges  on  the  lip  of  the  nozzle  and  the 
propagation  of  the  flame  sheet  is  alternately  obstructed 
by  the  Up.  This  phenomenon  can  be  observed  by  moans  of 
a moderately  high  speed  <64  frames  per  seo.,  for  example) 
motion  ploture. 

In  order  to  oheok  out  the  validity  of  this  observation, 
0.04"  slots  were  out  on  the  sides  of  the  step  block.  These 
slots,  shown  in  Figure  19,  are  similar  in  dlmonslon  to  the 
gaps  for  gaskets  between  the  step  block  and  the  glass 
window.  The  presence  of  these  gaps  alters  the  oharaotor- 
Istlcs  of  the  shear  layer  at  the  step  and  perhaps  delays 
the  onset  of  the  instability  which  perturbs  the  recircula- 
tion zone.  Figure  20  shows  the  pressure  traces  with  the 
0.04"  slots  on  both  sides.  Slots  of  other  sizes,  for 
example,  are  also  able  to  smooth  out  roughness  caused  by 
the  instability  of  the  sheer  layer.  Other  schemes,  such 
as  for  example,  small  protruberances  at  selected  upstream 
locations,  can  be  utilized  to  produce  similar  effect  on  the 
pressure  fluotuations.  However,  the  flame  spreading  is 
still  marginal  with  this  method  of  smoothing  out  roughness. 
As  indicated  earlier,  the  jet  system  not  only  smooths  out 
roughness  but  also  increases  the  size  of  the  recirculation 
zone.  Thus,  both  the  shear  layer  characteristics  and  the 
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recirculation  zone  downstream  of  the  step  are  changed 
simultaneously.  With  the  cross- jets  the  nozzle  downstream 
of  the  step  Is  literally  "swallowed"  up  by  the  newly  created 
recirculation  zone.  As  a consequence*  the  roughness  dis- 
appears and  the  burner  performance  Is  Independent  of  the 
geometric  Influence  downstream  of  the  step. 

Bven  though  most  of  the  Investigations  of  this  chapter 
were  carried  out  primarily  In  a two  dimensional  channel 
burner  a preliminary  study  of  an  axlsymmetrio  burner  with 
a sliding  rear  ramp  of  variable  thickness  also  showed 
basically  the  same  trend. 
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. ; AMPLIFICATION  OF  RECIRCULATION  ZONE 


BY  MEANS  OP  CROSS-JETS 


4.1.  Cold  Flow  System  - Experimental  Apparatus 

Cold  flow  studies  have  shown  earlier  that  the  cross- 
jet  system  acts  as  a fluid  amplifier  and  significantly 
amplifies  the  size  of  the  recirculation  zone.  This  obser- 
Vipition  is  indirectly  substantiated  by  the  fact  that  both 
cross- jet  systems  are  able  to  smooth  out  rough  burning  in 
a small  volume -limited  combustion  chamber.  All  the 
observations  so  far  had  been  qualitative  in  nature. 
Experiments  in  cold  flow  are  described  in  this  chapter  to 
quantitatively  define  the  degree  of  amplification  of  the 
recirculation  zone. 

A 2"  X 1.5"  channel  with  a series  of  0.02"  static 
pressure  holes  (It"  apart)  both  upstream  and  downstream  of 
the  sudden  expansion  step  were  used  to  measure  the  local 
static  pressure.  There  were  two  static  pressure  holes  on 
the  upstream  side,  one  on  the  face  and  a total  of  18  down- 
stream of  the  step.  A 0.02"  i.d.  total  pressure  probe 
along  with  the  local  static  pressure  was  used  for  deter- 
mining the  local  axial  velocity  in  the  chantber. 

In  addition  to  the  flat  plate  configuration  step 
heights  of  1/0",  1/4"  and  1/2"  were  used.  The  cross-jet 
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eystem  consisted  of  8 equally  spaced  0.05"  diameter  holes 
located  1/8"  upstream  of  the  step.  Only  one  cross- jet 
system  was  Investigated  In  detail. 

A 0.0001",  10%  Rhodium-Platinum  constant  temperature 
hot  wire  anemometer  system  was  used  to  provide  a cross 
oheok  on  the  pitot  tube  data.  Since  the  flow  field  Is 
highly  trubulent  and  possibly  three  dimensional  in  the 
separated  region  it  Is  very  difficult  of  obtain  true  values 
of  axial  velooity  and  Its  fluctuations.  This  Is  parti- 
cularly true  In  the  recirculation  region  where  the  axial 
velooity  Is  nearly  zero. 

4.2.  Pressure  Distribution  and  Zero  Axial  Velocity  Zone 
Figure  21  shows  the  distribution  of  pressure  coeffi- 
cient o in  the  chamber  with  and  without  the  cross-jot 

Jr 

system.  With  a value  of  " 0.03*,  the  figure  clearly 

shows  the  increased  distrurbance  introduced  In  the  flow 
field  by  the  oross-jet  system. 

In  order  to  determine  the  effect  of  the  cross-jet 
system  on  the  overall  flow  field  downstream  of  the  step, 
the  approximate  locli  of  the  zero  axial  velocity  were 
obtained  in  cold  flow.  This  was  done  by  moving  the  total 
pressure  probe  down  from  the  free  stream  until  the 


* The  mass  flux  ratio  for  this  configuration  la  3.54. 
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difference  between  the  local  wall  static  and  the  total 


pressure  vanished.  The  inherent  uncertainty  of  this 
technique  near  the  null  point  is  reflected  in  the  data 
scatter  of  Figure  22.  To  provide  a cross  check  for  the 
zero  axial  velocity  zone,  the  velocity  distribution  was 
extrapolated  to  define  the  region  of  zero  velocity.  Both 
methods  resulted  in  approxiamtely  the  same  boundaries  of 
zero  axial  velocity  zone.  It  was  also  found  that  the 
boundary  of  the  zero  velocity  zone  represents  the  maximum 
rms  output  of  the  hot  wire.  Figure  23  compares  the  pitot 
tube  results  with  those  of  the  hot  wire  measurements. 

Even  though  the  hot  wire  probe  was  mounted  in  such  a way 
that  the  signal  was  supposed  to  be  proportional  to  the. 
axial  component  of  the  velocity,  the  maximum  shown 

is  Figure  23  is  not  actually  the  rms  signal  due  to  the 
axial  velocity.  Near  the  null  point,  the  fluctuations  in 
X,  y and  z directions  are  similar  in  magnitude.  Disregard- 
ing the  component  along  the  length  of  the  wire,  the 
value  perhaps  corresponds  to  both  the  x (axial)  and  z 
components  of  the  velocity  fluctuations.  Since  the 
objective  is  to  compare  the  degree  of  magnification  of 
the  recirculation  zone,  no  attempt  was  made  to  isolate  and 
solve  for  each  of  these  fluctuating  components  by  using 
a cross  wire. 

The  data  points  shown  in  Fig.  23  are  averaged  data 
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points  at  a given  location.  Therefore,  the  data  scatter 
shown  in  Pig.  22  does  not  appear  in  Pig.  23.  It  is 
necesBary  to  emphaeize  that  the  zero  axial  velocity  zone 
is  within  the  recirculation  velumo  and  is  smaller  than  the 
recirculation  zone.  However,  it  ia  reasonable  to  assume 
that  an  amplification  of  the  zero  velocity  zone  would  cause 
a oorreaponding  increase  in  the  size  of  the  recirculation 
zone.  Therefore,  the  overall  effect  of  the  jet  even  with 
a very  low  mass  flow  rate  is  to  increase  the  residence 
time  and  completely  alter  the  shape  and  the  character  of 
the  streamlines  in  the  immediate  vicinity  of  the  cross- jets. 

With  burning,  the  details  of  the  flow  field  shown  in 
Figs.  22  and  23  are  expected  to  change.  However,  the 
overall  picture  of  how  the  jet  flow  influences  the  entire 
flow  field  and  helps  smooth  out  rough  burning  can  be 
ascertained  from  the  cold  flow  studies.  The  influence  of 
the  jet  system,  in  cold  flow,  is  so  strong  that  sizeable 
recirculation  zone  can  be  established  easily  even  on  a 
smooth  flat  plate.  Figure  24  shows  the  zero  axial  velocity 
zones  on  a flat  plate  without  any  step.  In  order  to 
eliminate  undue  clutter  in  the  figure,  the  actual  data 
points  are  not  shown  and  smooth  lines  are  drawn  through 
the  points.  As  before,  a survey  of  the  static  pressure  in 
the  vertical  direction  showed  only  a small  change  from  the 
local  wall  pressures  beyond  about  1/4"  downstream  of  the 
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direction  was  ignored  and  the  zero  axial  velocity  zones  were 
determined  by  using  the  local  wall  static  pressure. 

The  large  size  of  the  zero  axial  velocity  zone  (i.e., 
the  recirculation  zone)  even  with  a low  mass  flow  rate  is 
responsible  for  flame  stabilization  on  a flat  plate  by  means 
of  a slot- jet  (Fig.  8) . In  cold  flow  the  maximum  penetra- 
tion of  the  zero  axial  velocity  zone  in  the  vertical 
direction  is  independent  of  the  step  size  downstream  of 
the  jet.  The  maximum  penetration  eoales  with  either 

the  ratio  of  jet  to  primary  mass  flow  rates  or  the  momentum 
fluxes.  The  maximum  size  of  this  zone  in  the  axial  direc- 
tion on  the  other  hand,  depends  upon  both  the  step 

size  h and  (or  the  mom.  flux  ratio)  . Figure  25  is  a 

plot  of  y„.„  vs  rtia/rti*  for  a variety  of  cases.  Figure  26  is 
a plot  of  vs  Even  though  both  and 

/h  increase  rapidly  with  the  mass  flux  ratio,  too  much  jet 
air  can  be  detrimental  and  rough  burning  sets  in.  For 
optimum  operation,  a mass  flux  ratio  between  3 and  11  is 
adequate.  By  modulating  the  jet  flow  rate  within  this 
range,  one  can  affectively  control  the  flame  spreading,  the 
size  of  the  recirculation  zone  (i.e.,  the  residence  time), 
rough  burning  and  mixture  stratification.  These  effects 
can  be  further  intensified  as  the  need  arises,  by  changing 
the  cold  jet  air  to  heated  air  or  combustible  mixture. 

Both  slot-jet  and  a system  of  cross-jets  can  be  used 
effectively  to  make  a compact,  volume-limited  burner  with 
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a smooth  burning  oharaoteristico.  However/  the  cross- jet 
system  with  discrete  holes  is  preferable  because  of  the 
ease  of  construction  and  lower  pressure  drop.  In  addition/ 
with  the  system  of  cross- jets » the  burner  performance  is 
not  as  sensitive  to  sudden  small  changes  in  flow  parameters 
as  with  the  slot- jet. 


4.3.  Distribution  of  Turbulent  Intensity 

The  influence  of  the  oroso-jet  system  on  the  entire 
flow  field  can  be  appreciated  by  comparing  the  distributions 
of  turbulent  intensity  with  and  without  the  jet.  Figure  27 
is  a plot  of  at  various  locations  in  a rectangular 

chamber  with  only  a sudden  expansion  step.  The  value  of 
'^rms  to  the  hot  wire  output  It  probably 

represents  the  velocity  fluctuations  both  in  the  x (axial) 
and  z directions.  It  is,  however,  normalized  by  the  free 
stream  velocity  upstream  of  the  step.  Figure  28  is  a 
similar  plot  with  a jet  mass  flow  rate  of  4%  of  the  primary 
stream  (mass  flux  ratio  of  4.7).  A comparison  of  these  two 
figures  show  the  effect  of  the  jet  and  how  the  disturbance 
persists  far  downstream. 

Similar  experiments  have  been  performed  on  an  axi sym- 
metric chamber  with  a 2"  diameter  inlet.  The  cross- jet 
system  in  these  experiments  consisted  of  36  1/32"  diameter 
holes  located  at  a distance  of  5/8"  upstream  of  the  sudden 
expansion  step.  Unfortunately,  because  of  the  small  inlet 
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FIGOKE  28  Turbulent  Intensity  Distribution  in  a Channer  Burner  with 
Cross-jets.  Cold  Flow. 


diameter^  interference  between  jets  caused  only  a slight 
amplification  of  the  recirculation  zone.  However,  when  the 
top  half  of  the  system  (18  holes)  was  blocked  off,  a sub- 
stantial increase  in  the  size  of  the  recirculation  zone  was 
observed.  Figure  29  shows  the  zero  axial  velocity  zones  for 
a number  of  oases.  The  results  show  the  importance  of 
the  jets  in  geomatrio  scaling,  i.e.,  in  a small  chamber 
the  interference  between  jets  can  completely  negate  their 
beneficial  effects.  A chamber  of  large  radius  Is  expected 
to  behave  in  a manner  similar  to  the  two  dimensional  syatem 
with  jets. 
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V.  OTHER  BURNERS  AND  GEOMETRIC  SCALING 


5.1.  A3"  Diameter  Cylindrical  Burner 

This  particular  burner  had  an  inlet  diameter  of  2". 

It  had  a 1/2"  step  and  36"  jet  holes  located  1/2",  5/8" 
and  3/4"  upstream  of  the  step.  Jet  diameters,  depending 
upon  the  oonfigumtlon,  range  from  0.032"  to  0.05".  The 
choice  of  a 1/2"  step  was  dictated  by  previous  experiments 
with  different  step  sisvits.  Lean  flame  blow  off  limits 
of  the  axisymmetric  burners  are  compared  with  those  of 
the  channel  burners  in  Figure  30.  The  two  dimensional 
system  appears  to  have  a slightly  higher  equivalence 
ratio  at  blow  oft  possibly  due  to  larger  rate  of  heat 
transfer  caused  by  a relatively  small  flame  spreading  into 
a large  chamber.  In  the  axisymmetric  chamber  it  is 
possible  to  shift  the  equivalence  ratio  at  lean  blow  off 
by  means  of  controlling  the  heat  transfer  rate.  For  example, 
because  of  an  increase  heat  transfer  the  equivalence  ratios 
at  blow  off  in  a cooled  aluminum  chamber  are  greater  than 
those  of  either  the  quartz  or  steel  chamber. 

Blow  off  performance  with  air-jots  having  approximately 
the  same  mass  flux  ratio  as  the  channel  burners  are  shown 
in  Figure  31.  Even  though  the  flame  penetration  can  not  bo 
studied  in  an  axisymmetric  burner,  perliminary  observation 
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Indicates  that  the  jets  are  effective  in  smoothing  out 
rough  burning  caused  by  the  location  of  the  nozzle. 

5.2.  A 3"  Diameter  Cylindrical  Burner  With  Swirl  Jets 

In  this  burner  the  jets  perform  the  dual  role  cf 
vortex  amplifier  as  well  as  swirl  generator.  A jet 
system  consisting  of  24  .03"  diameter  holes  at  about  20^ 
from  the  radial  direction  were  used  to  generate  the  swirl 
in  the  system.  Thus,  instead  of  a set  of  guide  vanes, 
the  cross-jet  system  serrves  the  function  of  swirl 
generator.  Because  of  the  swirl  jets,  this  burner  had 
the  most  stable  behavior  with  respect  to  sudden  small 
changes  in  operating  conditions.  Figure  32  compares  the 
lean  blow  off  limits  of  the  swirl  jet  with  those  of 
normal  jet  systems.  Smaller  equivalence  ratios  at  lean 
blow  off  are  probably  due  to  the  additional  recirculation 
zone  near  the  center  of  the  duct  caused  by  the  sv/irl-jeta. 
In  other  configurations,  the  combustible  mixt\ire  at  the 
center  of  the  duct  near  the  sudden  expansion  step  remains 
unburned.  In  the  swirl  burner,  however,  the  additional 
recirculation  zone  at  the  center  helps  burn  the  otherwise 
unburned  mixture. 

I 

A detailed  study  with  different  swirl  angle  is 
presently  under  way  and  will  be  reported  at  a lat.r  data. 
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5.3.  Channel  Burners  with  Multiple  Steps  and  Multiple 
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Jet  Systems 

Figure  33  shows  the  lean  blow  off  data  for  a 3"  x 1" 
burner  with  two  1/2''  steps  and  two  sets  of  jets  located 
1/2"  upstream  of  the  step.  When  two  steps  with  only  one 
jet  system  was  used*  the  flame  plume  of  the  jet  was 
observed  to  Interfere  with  the  flame  stabilization  process 
of  the  step  directly  opposite  to  the  jets.  Frequently, 
the  flame  at  the  step  was  blown  off  perhaps  due  to  a 
large  local  velocity  caused  by  the  blockage  resulting 
from  the  flame  plume.  This  is  a significant  observation 
as  far  as  the  problem  of  geometric  scaling  is  concerned. 

In  other  words,  the  charaoteristic  height  of  the  inlet 
must  be  larger  than  the  flame  penetration  distance  shown 
in  Fig,  7. 

The  blow  off  data  of  Pig.  33  shows  that  even  if 
malfunction  causes  blockage  of  one  or  two  individual  jets, 
the  blow  off  performance  of  the  burner  is  not  unduly 
affected  by  it. 


A 8"  X 1"  channel  burner  with  the  capability  of 
four  sets  of  jets  on  four  effective  steps  was  designed  for 
studying  geometric  scaling.  A sketch  of  the  burner  is 
given  in  Figure  34,  However,  the  12"  diameter  exhaust 
system  proved  completely  inadequate  in  handling  the  large 
quantity  of  unburned  propane  air  mixture.  In  spite  of  the 
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water  spray,  the  combustible  mixture  consistently 
exploded  inside  the  hot  exhaust  ohamber  and  tended  to 
flash  baok.  Sleveral  loan  blow  off  points  at  low  velo- 
cities* however,  were  obtained  before  the  experiments 
wore  terminated.  Figure  35  compares  tho  lean  blow  off 
points  of  an  8“  x 1",  3"  x 1"  and  2"  x 1 1/2"  combustion 
ohambers  with  sudden  expansion  steps.  In  spite  of  the 
difference  in  chamber  size  and  charaateristic  lengths, 
all  blow  off  data  points  seem  to  follow  the  same  general 
trend.  Because  of  the  difficulty  with  the  exhaust  system 
only  preliminary  observations  are  made  with  four  jet 
systems  on  four  steps.  Except  for  tho  large  rate  of 
heat  release,  the  flame  plumes  appear  very  similar  to 
the  other  channel  burners. 

5.4.  Scaling  - Preliminary  Observations 

If  the  free  stream  velocity  and  the  nozzle  to  chamber 
area  ratio  are  assumed  to  be  fixed  in  a sudden  expansion 
burner  with  premixad  combustible  mixture,  the  following 
list  of  oharacteristio  dimensions  can  be  considered  in 
geometric  scaling. 

A_  “ Chamber  area,  f(L  ) 
c c 

■ Inlet  area 

2 

Aj  “ Total  jet  area,  (nird^  )/4 

n “ No,  of  jets,  d^  « Jet  diameter. 
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FIGURE  35  Blow  off  Data  for  8‘’  x 1",  3"  x 1"  and 
2'*  X l>j"  Sudden  Expansion  Burners 
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h » Step  height 
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Xj  M Looatldn  of  the  jet  upstream  of  the  step 
X^. * Charaoterlatlo  length  of  the  reoiroualtion 
seone. 

Yp  ■*  ipenetratlon  height  of  the  jet 


Figure  3€  shows  the  typical  charapteristio  lengths  of  a 
sudden  expansion  burner. 


Figure  36  Characteristic  lengths  in  a sudden 
expansion  burner 
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Recirculation  zone  behind  a flame  holder  is  respon- 
sible for  the  process  of  flame  stabilization.  Therefore, 
its  oharaoteristio  lenght  is  of  primary  concern  in 
geometric  scaling.  For  a two  dimensional  system  X /h  'v  7 
in  a trubulent  flow  is  fairly  well  established.  Even 
though  such  a value  is  not  commonly  quoted  for  an  axisym- 
metric  system,  observation  of  the  flame  and  qualitative 
study  under  cold  flow  conditions  indicate  that  approximately 
the  same  value  of  7'^oan  be  used  for  an  axisymmetrio  system. 
Therefore,  X^^  can  be  assumed  to  scale  directly  with  h for 
both  two  dimensional  and  axisymmetrio  systems.  With 
burning,  a lower  limit  of  the  recirculation  volume  exists 
which  is  consistent  with  stable  flame  holding  at  a given 
velocity,  Uq  and  equivalence  ratio  0,  Such  a lower  limit 
for  the  combustion  chambers  was  found  to  correspond  to 
h ■=  1/4".  For  values  of  h smaller  than  1/4"  degradation  of 
blow  off  performance  was  observed.  As  long  as  the  step 
height  is  larger  than  1/4"  stable  burner  operation  can  be 
expected  over  a range  of  values.  Degradation  Is  again 
observed  when  h . For  all  the  burner  configurations 
investigated  during  the  course  of  the  study,  smooth  and 
stable  burning  was  observed  for  h values  between  1/4"  and 
3/4". 

* The  exact  value  has  not  betin  determined.  Preliminary  results  shew 
a value  between  7 and  10. 


The  location  L of  the  nozzle  can  cause  rough  burning 
when  > L.  Under  ouoh  a condition,  the  nozzle  Interferes 
with  the  recirculation  zone  and  causes  an  instability  of 
the  shear  layer  discussed  In  Section  3^3.  In  a two.  dimen’* 
sional  system  rough  burning  has  been  initiated  when  L/h  3 
or  smaller.  For  L/h  values  larger  than  3 smooth  burning 
has  been  observed  in  two  dimensional  systems.  Qualitative 
observation  indicates  that  rough  burning  in  an  axisymmetric 
system  can  be  similarly  initiated  when  the  nozzle  is  located 
near  the  dump  plane.  Therefore,  rough  burning  is  one  of 
the  inherent  characteristtos  of  a small,  volume-limited, 
compact  dump  burner.  This  is  particularly  true  in  a system 
when  L/h  is  constrained  in  such  a way  that  the  nozzle 
interferes  with  the  recirculation  zone. 

A system  of  cross-jots  located  upstream  of  the  sudden 
expansion  section  has  been  shown  to  be  effective  in  smoothing 
out  rough  burning  in  burners  with  !;mall  values  of  L/h,  The 
location  of  the  jets  Xj  is  very  critical  for  an  optimum 
performance  of  the  entire  burner.  The  role  of  the  jets  as 
vortex  amplifier  requires  a critical  Interaction  distance 
between  the  jet  and  step  induced  vortices.  X^  0.5"  was 
found  to  be  the  critical  separation  distance.  This  import- 
ant parameter  does  not  seem  to  scale  with  either  L^  or  Lj^ 
and  is  Independent  of  the  size  of  the  system.  Even  though 
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no  perceptible  difference  in  blow  off  performance  is 

indicated  for  a range  of  values  of  0.5"  appear  to 
provide  a rather  stable)  operation  against  sudden  small 
changes  in  the  operating  oharaoteristlos. 

Flame  penetration  Y (Fig.  7)  scales  with  the 

kf 

momentum  flux  ratio  between  the  jet  and  the  primary 
stream.  In  a burning  system  Y^  can  not  be  increased 
indefinitely  by  increasing  the  momentum  flux  ratio. 
Excessive  jet  mass  flow  rata  will  cause  too  much  dilution. 
Therefore,  a critical  mass  flux  ratio  exists  which  must 
not  be  exceeded.  For  the  choked,  air-jet  system  at  room 
temperature,  stable  burning  is  observed  for  mass  flux 
ratio  in  the  range  3 to  11.  Since  the  mass  flux  ratio 
rather  than  the  jet  mass  flow  rate  is  the  scaling  para- 
meter a large  value  of  will  require  a smaller  jet  mass 
flow  rate.  In  the  3"  x 1"  chamber,  for  example, 

j “ 

“0,04  produced  good  results.  For  the  8"  x 1"  chamber, 

A./rti  of  0.015  to  0.02  seemed  to  produce  similar  flame 
3 A 

plume  and  burning.  Therefore,  in  a larger  chamber  the  jet 
system  will  cause  a lower  bleed  penalty  on  the  overall 
pressure  loss. 

Flame  penetration  Y resulting  from  a particular 

tr 

momentum  flux  ratio  must  be  small  compared  to  so  that 
no  interference  between  the  jet  system  will  occur.  In 


y was  so  large  that  the  flame  plume  interfered  with  the 
flame  stabilization  process  of  the  upper  step.  Cold  flow 
studies  in  the  3"  diameter  chamber  with  a 2"  diameter 
inlet  dramatically  shows  the  phenomenon  of  interference 
between  jets.  Tfhen  36  1/32"  jets  were  used  in  the  inlet 
section  at  * 0.5",  because  of  jet  interference  the 
Increase  in  the  size  of  the  zero  velocity  zone  seemed  to 
be  too  small  for  the  momentum  flux  ratio.  When  27  holes  were 
blocked  off  and  only  9 jets  were  active  the  interference 
was  small  and  the  increase  in  the  size  of  the  zero  velo- 
city zone  was  substantial  (Fig.  29) . When  an  axicymmetrio 
chamber  is  scaled  to  a larger  size  its  behavior  in  cold 
flow  will  approach  that  of  the  9 jet  system  discussed, 
earlier.  Also  with  a larger  radius  its  limiting  form 
will  be  similar  to  the  two  dimensional  system, 

Table  5-1  lists  the  various  parametcjrs  involved  in 
scaling,  their  function  and  suggested  range  of  values  for 
design  purposes.  The  number  n of  holes  and  diameter  d^ 
of  the  jets  are  not  included  in  the  table,  e'or  a given 
engine  with  an  available  ft ^ , the  constraint  of  mass  flux 
ratio  specifies  the  total  area  of  the  cross- jet  system. 
Therefore,  the  number  n of  jets  depends  upon  the  spacing 
between  the  jets  and  the  diameter  d ^ . A range  of  spacings 
between  0,1"  to  about  0.3"  and  a range  of  dj  between  0.03" 
and  0.05"  gave  satisfactory  result  in  all  the  chambers 


73 


arnisstmsm 


investigated  during  the  course  of  this  study.  It  is  not 
clear  If  the  same  range  will  be  satisfactory  in  a much 
larger  chamber.  A test  program  with  AFAPL  is  being 
planned  now  to  obtain  data  on  larger  chambers. 
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VI  DISCUSSION  AND  RECOMMENDATIONS 


A system  of  discrete  jets  upstream  of  any  flame  holder 
can  under  certain  conditions,  significantly  amplify  the 
recirculation  zone  downstream  of  the  flame  holder.  Experi- 
ments with  sudden  expansion  burners  show  that  the  jet 
system  with  a mass  flow  rate  upto  about  4%  of  the  primary 
flow  rata  is  very  effective  in  increasing  flame  spreading 
without  sacrificing  the  blow  off  performance.  Not  only 
does  the  jet  system  significantly  improve  flame  spreading, 
it  is  also  capable  of  smoothing  out  rough  burning  caused 
either  by  fuel  stratification  or  the  presence  of  nozzle  in 
a volume-limited  burner.  This  behavior  can  be  attributed 
to  the  amplification  of  the  recirculation  zone  when  the 
jet  induced  vortex  is  allowed  to  interact  with  the  step 
induced  vortex. 

The  ability  to  modulate  the  size  of  the  recirculation 
zone  by  controlling  the  jet  momentum  flux  is  rather  unique,, 
It  allows  one  to  externally  control  the  flame  spreading, 
residence  time  and  the  allowable  roughness  of  operation. 

In  the  case  of  a bluff  body  flame  holder  once  a particular 
configuration  for  a given  flow  is  selected,  very  little  can 
be  done  to  increase  the  strength  of  the  vortex,  flame 
spreading  and  the  flame  holding  capability.  Thus,  the 
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use  of  a cross~jet  system,  helps  create  an  advanced  com- 
bustor with  a variable  strength  flame  holder.  At  lower 
vehicle  speed  during  the  early  stages  of  flight  little 
additional  augmentation  of  flame  spreading  and  flame 
holding  is  required.  With  Increasing  vehicle  speed  a 
stronger  recirculation  zone  as  well  as  increased  flame 
spreading  is  necessary  for  the  optimum  performance  of  the 
propulsion  system.  Thus,  by  controlling  the  momentum 
flux  of  the  cross-jat  system,  optimum  operating  condition 
can  he  maintained  over  the  entire  flight  profile.  All  of 
this  is  achieved  without  any  additional  drag  penalty. 

When  the  jet  system  was  used  in  the  dual  role  of  a 
vortex  amplifier  and  swirl  generator,  the  burner  produced 
the  best  performance.  Because  of  the  swirl,  an  additional 
vortex  at  the  center  of  the  duot  helps  improve  the  operating 
behavior  of  the  burner.  Preliminary  results  with  a 20° 
swirl-jet  system  are  extremely  encouraging. 

Even  though  preliminary  scaling  parameters  are  listed 
in  Table  5-1,  experiments  with  larger  cheimbers  are  absolutely 
essential  before  the  scaling  can  be  applied  to  a full  size 
engine.  Neither  the  ai::  supply  nor  the  exhaust  system  at 
use  are  adequate  for  larger  burners. 

Most  of  the  experimental  work  were  carried  out  in  quasi 
two  dimensional  channel  burners.  The  use  of  these  two 
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dinenBlonal  aombuators  with  glass  sides  allowed  visual 
observation  of  the  system  behavior  and  was  very  important 
in  providing  an  excellent  qualitative  picture  of  the 
reacting  flow  field.  The  cold  flow  experiments  in  the 
same  chamber  gave  additional  valuable  information  on 
the  role  of  the  cross-jets  as  a vortex  amplifier.  These 
two  dimensional  burners  are  not  simply  laboratory  tools. 
With  the  cross-jet  system  these  are  the.  limiting  cases  of 
an  axisymmetric  burner  with  a large  radius  of  ourvature. 
Cold  flow  experiments  dealing  with  jet  interference 
clearly  indicated  such  a possibility  (Pig.  29)  . 

It  is  recommended  that  the  following  studies  be 
continued 

1.  Use  of  the  jets  to  amplify  the  recirculation 
zone  and  introduce  swirl  in  the  system.  The  flow 
field,  blow  off  performance,  rough  burning  and 
pressure  drop  in  a variety  of  combustors  should 
be  studied. 

2.  Scaling  study,  similar  to  the  one  that  is 
planned  jointly  with  USC  and  APAPL,  should  be 
pursued. 

3.  Instead  of  a premixed  homogeneous  system,  fuel 
spray  should  be  used  to  study  the  behavior  of  the 
droplets  in  the  amplified  recirculation  zone, 
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4.  The  concept  of  vortex  amplification  should  be 
explored  in  the  study  of  combustion  noise  and  burning 
characteristics  of  fuels  with  small  reaction  time. 

Slow  burning  fuels  are  expected  to  be  compatible 
with  the  amplified  recirculation  zone  which  provides 
an  increased  residence  time  for  the  fuel  species. 

5.  A more  detailed  spectral  character  of  rough 
burning  in  a volume-limited  combustor  should  be 
undertaken.  The  experiments  dealing  with  the  spectral 
content  as  described  in  this  report  are  rather 
preliminary. 


fc'l  iSJj.. 
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